In 1992, a large and dense array of geophones was placed around the geyser vent of Old Faithful, in the Yellowstone National Park, in order to determine the origin of the seismic hydrothermal noise recorded at the surface of the geyser and to understand its dynamics. Old Faithful Geyser (OFG) is a small-scale hydrothermal system where a two-phase flow mixture erupts every 40 to 100 minutes in a high continuous vertical jet. Using Matched Field Processing (MFP) techniques on 10-min-long signal, we localize the source of the seismic pulses recorded at the surface of the geyser. Several MFP approaches are compared in this study, the frequency-incoherent and frequency coherent approach, as well as the linear Bartlett processing and the non-linear Minimum Variance Distorsionless Response (MVDR) processing. The different MFP techniques used give the same source position with better focalization in the case of the MVDR processing. The retrieved source position corresponds to the geyser conduit at a depth of 12 m and the localization is in good agreement with in-situ measurements made at Old Faithful in past studies.
mals in the ocean, to differentiate animals or to understand their behaviour (Thode et al., 2000) . MFP was recently tested with success on a seismic array of ten sensors deployed on 53 hydrothermal systems, exhibiting the dominant acoustic source below the array (Legaz 54 et al., 2009; Vandemeulebrouck et al., 2010) . In the present case, the seismic array is 55 six times denser than during the aforementioned experiments on hydrothermal systems.
56
Moreover, the seismic sources are shallow and can be associated with in-situ measurements 57 that provide additional constrains to this study. of signal were readily available to be processed in this study. Nevertheless, this 10-minute 63 interval is associated with a stable stage of the geyser cycle, when the water level is slowly 64 rising in the conduit approximately 20 minutes before the eruption (Kedar et al. (1998), 65 see Figure 1 ). From the array data, a map of the seismic intensity radiated at the surface 66 around the geyser was calculated at different periods during the cycle by Sharon Kedar 67 (1996) , and the results showed no significant behaviour. Several hammer shots were also 68 performed to complete the study, in order to look at the difference between the excitation 69 of the medium by the hammer shot and by the seismic natural impulsive sources.
70
Finally, the analysis of single seismic events recorded on the geophones with a simul-71 taneous measurement of the water pressure in the water column at different depths was 72 performed by Sharon Kedar (Kedar, 1996; Kedar et al., 1996 Kedar et al., , 1998 . The fact that the 73 record of a pressure pulse near the top surface is followed by the record of an impul-74 sive event on the geophones clearly indicates that these events are generated by bubble 75 collapses in the water column.
76
Thus, the seismic signal recorded in this study is mainly composed of impulsive events of events before an eruption follows an asymptotical law (Kedar, 1996) , corresponding to in agreement with the localization given by time-reversal on these same events (O'Brien et al., 2011) . The estimation of the slowness vector has also been applied on volcanic 97 signals of different types in order to locate their origin (Almendros et al., 2001; Métaxian 98 et al., 2002) as well as on the subduction zone in the Cascades (La Rocca et al., 2010) to 99 retrieve the location of the tremor sources.
100
Similarly, one can retrieve the source location by looking at the spatial amplitude dis-101 tribution for several types of events recorded across a network and comparing it with the-102 oretical amplitude decay calculated for a given point source location. Assuming the type 103 of waves considered, i.e. body waves or surface waves, we can retrieve the source location 104 which best fits the data (Aki & Ferrazzini, 2000; Battaglia & Aki, 2003 Got et al., 1994) . Finally, the semblance method was 113 used on tremors generated by a volcanic eruption in order to follow the migration of the 114 seismic activity between two potential sources on Izu-Oshima Island volcano in Japan 115 (Furumoto et al., 1990) .
116
In geothermal areas, the seismic signal recorded at the surface of the hydrothermal 117 system is composed of randomly distributed impulsive events related to bubble collapse 118 (Ichihara & Nishimura, 2011; Kedar et al., 1998; Legaz et al., 2009; Vandemeulebrouck 119 et al., 2010) . In the case of the present data, the impulsive events often overlap and present 
139
The match is maximum when a point source of the search grid is co-located with the true 140 point source. The result of the processing is a probability map of the source position. requires both a good signal-to-noise ratio on the recorded data and a propagation model 147 that perfectly adjusts to the data (Jensen et al., 1995) . On the other hand, the Bartlett 148 MFP gives a robust solution, even for low signal-to-noise ratio, with a spatial resolution 149 that is limited to the acoustic wavelength according to diffraction laws.
150
For both linear and non-linear MFP algorithms, the processing is performed in the 151 frequency domain as follows.
152
First, the cross-spectral density matrix (CSDM) K is calculated as: Second, a model-based replica vector d m (f, a i ) is defined at frequency f as the modelled field from a candidate source position to the array elements, with a i being the vector corresponding to the absolute distance between the source candidate position and geophone i of the array. In our case, the propagation model corresponds to the free-space medium which means that the replica vector is expressed by:
In Eq. 2, the free-space monopolar Green's function is chosen as the replica vector since 156 we expect to retrieve a local source for which the geophone array is located at one or two 157 wavelengths away from the source. In this case, the separation between Rayleigh waves 158 and body waves is not effective and wave propagation can be modelled by a velocity c that 159 depends on the medium physical properties. Because of the simple form of the replica 160 vector in Eq. 2, MFP could also be described as spherical beamforming. However, more 161 complex Green's function could be used as replica vectors in the case of a forward model 162 with layering, for example.
163
The linear MFP (Bartlett) processor is estimated as follows:
Similarly, the non-linear processor (MVDR) output is formulated as:
As shown in Eqs. 3 and 4 above, the MFP is typically averaged incoherently over a set of frequencies f 1 , f 2 , ..., f L in order to improve the contrast of the MFP output.
165
However, the MFP can be processed coherently by considering the cross-correlation 166 field instead of the acoustic noise data to construct the cross-spectral density matrix K.
167
The coherent use of MFP implies a coherent average over a discrete number of frequencies 168 in the bandwidth of interest, which requires the source signal to be isolated in the data. cover uniformly the whole area (Figure 8 c) .
177
To consider a coherent MFP processing, the set of correlations are transformed into the frequency domain as data vectors at frequencies
where p is the number of correlation functions selected among the geophone array. The CSDM is calculated as before:K =d ·d * .
Since the data are now issued from correlations between sensor pairs at different frequencies, the replica vectors have to follow the same logic. This means that the replica vector is expressed by:
where a i and a ref refer now to the distance between the candidate source position and,
178
respectively, the i th geophone or the reference geophone. The model-based replica is 179 then compiled into a "supervector"d m equivalent to the data "supervector" from which 180 the linear and non linear coherent MFP are computed as:
It has been shown that the coherent MFP yields better results than the incoherent 182 approach for tracking objects in the ocean (Debever & Kuperman, 2007; Michalopoulou & 183 Porter, 1996) . The disadvantage of coherent processing is that it requires the manipulation 184 of large matrices which may considerately increase the computation time.
185
Moreover, a fundamental requirement for MFP processing is that the signal recorded of a broad frequency bandwidth must also include a frequency-dependent velocity profile.
202
A balance between MFP resolution at high frequencies and robust MFP localization at 203 low frequencies is problem-specific and must be determined on a case by case basis.
204
In the case of Old Faithful data, the spatial coherence was first calculated from 8 to 70 estimated from a velocity model of S. Kedar (1996) using shear waves velocity model, as 218 shown in Figure 5 and is of 23.5 ms −1 /m.
219
In the final step, we selected the sensors to be used with the incoherent processing or 
Results and discussion

226
The 10 minutes of recorded signal were processed in order to localize and monitor the dom- at this depth (Hutchinson et al., 1997) , likely due to two-phase flow static instabilities 272 (Bouré et al., 1973) . 
276
Using a velocity model (Kedar, 1996) Birch & Kennedy (1972) , from an adaptation of Kieffer (1984) . Kedar (1996) compared to the velocity model used for the localization. 
